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Physically crosslinked poly (vinyl alcohol)/poly (acrylic acid) hydrogels were prepared by freeze
thaw processing. The hydrogels were formed in, either, water or a water/DMSO mixture and the
chemical, mechanical, and thermal properties were determined by FTIR analysis, rotational
rheometry and modulated DSC respectively. The results indicate that the hydrogels containing
DMSO are significantly stronger than those containing water alone at temperatures between 20
and 40°C. Materials with different characteristics can be created by varying the solvent and the

polymer feed ratios. DSC analysis indicated that thermal transitions are present at
temperatures that may make these hydrogels useful in temperature sensitive drug delivery
systems. © 2006 Springer Science + Business Media, Inc.

1. Introduction

In recent times, there has been considerable effort and
focus in creating a stimuli responsive material that is bio-
compatible. This would make targeted delivery of drugs
possible. Coatings using these materials would increase
versatility in invasive medical devices. The main thrust
of the research and development, in this area, has been
focussed on hydrogels.

The term hydrogel is used to describe materials that
are three-dimensional, hydrophilic, polymeric networks
capable of imbibing large amounts of water or biologi-
cal fluids [1-4]. Hydrogels have important applications
in the areas of controlled drug delivery, as coatings in
gastrointestinal pharmaceutical applications and as disso-
lution and binding agents in tablets [5-7].

Hydrogels can be prepared that react to changes in the
environment. Properties such as volume, conductivity or
viscosity may change in response to pH, temperature,
ionic strength and mechanical stress. Hydrogels may be
composed of homopolymers, copolymers or blends and
are insoluble due to the presence of chemical cross links
(covalent bonding) or physical cross links, such as entan-
glements or crystallites [8—10].

One method of creating a hydrogel without utilization
of chemical cross links is the production of poly (vinyl
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alcohol) (PVA) hydrogels by freeze/thaw processing [11—
13]. PVA hydrogels prepared using freeze/thaw cycling
have great potential for biomedical and drug delivery ap-
plications due to desirable mechanical and swelling prop-
erties [14—16]. These hydrogels are prepared by expos-
ing aqueous PVA solutions to repeated cycles of freezing
and thawing, which results in the formation of crystallites
which render the material insoluble in water. The strength,
stability and swelling ratio of the gels are a function of
the solution concentration, freezing time and the number
of freeze/thaw cycles. In order to improve the function-
ality of the hydrogels, PVA is often combined with poly
(acrylic acid) (PAA) [17-19].

When a DMSO/water solution of PVA is frozen, a
transparent gel with high elasticity is created [20-24].
The properties are dependent on the ratio of water to
DMSO solvent. The gelation rate is as a function of poly-
mer concentration, quenching temperature and degree of
polymerization [25]. The effects of DMSO on a blend of
PVA/PAA solutions, which are frozen, are not yet fully
characterized.

The use of hydrogels in biomedical applications re-
quires a detailed knowledge of the physical properties.
The characterisation of gels is complex as there are in
essence two components involved, a solid phase and a

2393



liquid phase. A gel can be characterized by a storage
modulus G’ which exhibits a pronounced plateau extend-
ing to times at least of the order of seconds and by a
loss modulus G” which is considerably smaller than the
storage modulus in the plateau region [26]. Oscillatory
shear theometry, differential scanning calorimetry (DSC),
fourier transform infrared spectroscopy (FTIR) can be
used to characterise polymer hydrogels which are used
in biomedical applications, such as long term degrading
hydrogels, bioadhesive gels and drug delivery systems
[27-32].

In the present study PVA/PAA blends were prepared,
and their properties examined, in order to determine the
effect of different polymer feed ratios and different solvent
ratios on the mechanical and physical properties.

The novel aspect of the present research is the differ-
ing functionality created by varying the solvents and by
changing the polymer feed ratios. Important properties for
hydrogels are mechanical properties and thermal proper-
ties. Different thermal transitions mean that, for example,
drug release could be achieved at different rates for dif-
ferent temperatures. Greater mechanical strength could
have an impact on the use of the materials in the body.
By studying these properties, it is possible to gain greater
insight into the complex interactions of the polymers and
the different solvents.

2. Materials and methods

2.1. Preparation of samples

PVA (weight average molecular weight 146,000—
186,000) and PAA (weight average molecular weight
3,000,000) used in this study were supplied by Aldrich.
Solutions were prepared by mixing polymer powder (1
g) with distilled water (50 mls) using the polymer feed
percentages shown in Table I. The samples were prepared
using either (i) 100% water or (ii) 10 wt% aqueous solu-
tion of dimethyl sulphoxide (DMSO).

Dissolution was achieved by heating the mixture to
80°C for 90 min, while slowly stirring. When the polymer
was no longer apparent and the mixture was clear, the
solution was cooled to 70°C. To remove any bubbles the
solution was placed in an ultra sonic water bath at 70°C for
five minutes. The solution was placed in an oven at 70°C
to further aid in the removal of bubbles. A small portion
of the liquid was cast in a silicone mould (W.P. Notcutt,
Middlesex) and allowed to dry at room temperature. This
process is referred to as solvent casting (SC). The SC
samples were used for DSC scans and FTIR analysis.
The remaining solution was removed from the oven and
placed in a polystyrene beaker. The beaker was placed in a

TABLE I Polymer feed ratios used in the preparation of the hydrogel
complexes

PAA% 0 10 20 30 40 100
PVA % 100 90 80 70 60 0
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Figure I A picture of a typical gel formed by the freeze thaw process.

trough and approximately 500 mls of liquid nitrogen was
added over a period of ten minutes. The solidified solution
was allowed to stand for 24 h, removed and placed in a
petri dish. Upon thawing a gel was formed. This process is
referred to as freeze/thawing (F/T). The F/T samples were
characterised by DSC, FTIR analysis and rheometry. This
analysis was performed on a given sample within a few
days to minimise the effect of aging. Fig. 1 shows a picture
of a typical gel formed by this method.

2.2. Modulated differential scanning
calorimetry

Modulated differential scanning calorimetry (MDSC) was
carried out using a TA instruments calorimeter. A sample
of between 10 and 12 mg was weighed out and the tests
were carried out in sealed aluminium pans. The samples
were cooled to —20°C, the modulation was +/— 1.00°C
every 60 sec and the temperature was ramped from —20°
to 260.00°C.

2.3. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy was carried out
on samples that had being exposed to atmospheric condi-
tions for a minimum of 7 days using a Nicolet Avator 360
FTIR, with a 32 scan per sample cycle.

2.4. Rheometry

Rheological measurements were performed on a strain-
controlled TA instrument AR1000. The geometry used
was a 4 cm diameter parallel steel plate. The temper-
ature was ramped from 20° to 80°C with tests car-
ried out at a two degree interval. The tests were in an
oscillation form with a strain sweep of 1 Hz, 5.5 Hz, and
10 Hz with a constant strain, y, of 10%. In all experi-
ments, a weak normal force was applied to the surface of
the sample discs in order to avoid the sweeping of the gel
from the tool plates. This force resulted in a slight com-
pression of the sample. All rheometry was carried out with
disc shaped samples of the hydrogels of diameter 40 mm
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Figure 2 Reversible thermal transitions in 100% aqueous samples (F/T) *F/T = 1 freeze/thaw cycle, *SC = solvent cast.

and average thickness of 12 mm. Each measurement was
performed, at least twice, on two different disc specimens
from the same sample.

3. Results and discussion

3.1. Appearance of gels

The samples which were composed of 100% PVA did
not form gels. It was noted that the strength, stability and
swelling ratio of gels were a function of the solution con-
centration, freezing time and number of freeze/thaw cy-
cles [13]. The addition of PAA resulted in the formation of
ahydrogel due to the fact that the high molecular weight of
the PAA effectively increased the concentration of poly-
mer in the sample. In addition to this the intermolecular
interaction between PVA and PAA, likely due to hydro-
gen bonding was promoted to yield small crystalline nu-
clei [13]. The samples produced using pure water and the
various polymer feed ratios were less opaque than the
samples containing DMSO and water. The opaque nature
of the samples containing DMSO was due to phase sepa-
ration and increased crystallinity of the material [33-35].
Samples which were solvent cast before the freezing pro-
cess showed marked differences in physical appearance
between the DMSO samples and the aqueous samples.
The samples cast from water tended to dry and shrink,
reducing in diameter by up to 30 percent. The samples
which originally contained DMSO retained the shape of
the mould in which they were cast.

3.2. Modulated differential scanning
calorimetry

MDSC was used instead of conventional DSC, due to

the complex interaction of the polymers and solvents.

MDSC is more effective at determining the transitions
from the different components of a blend [36]. In MDSC
the total heat flow and the two individual components
can be distinguished as the heat capacity component or
reversing heat flow and the kinetic component or non-
reversing heat flow. The use of reversible heat flow shows
the underlying transitions and reduces the masking effect
of solvents. Park e al. found that PVA exhibits peaks
at 85°C and 143°C, and a large peak above 210°C. The
peak at 85°C, designated as the « relaxation, represents
the glass transition temperature of PVA. The relaxation
observed at 143°C, designated as the f relaxation, is due
to the relaxation in the PVA crystalline domains. The third
relaxation, which occurs at a temperature between 200°C
and 260°C, is caused by the melting of the crystalline
domains of PVA [37]. PAA has a Tg of 106°C [38].

DSC graphs of 100% PVA polymer produced in
water and hydrogels containing 10%, 20%, 30%, 40%
and 100 % PAA are presented in Fig. 2 (F/T samples) and
Fig. 3 (SC samples).

The Tg of the 100% PVA samples was at 40°C for both
F/T and SC. These low values may be due to the presence
of water in the samples from the F/T and the SC process.
This may have had a plasticizing effect which effectively
reduces the Tg. Watase and Nishinari have shown that
gels with a high concentration of PVA show rubber elastic
behaviour up to 45°C and after this point a transition to
liquid-like behaviour occurs [21]. This transition would
appear to be present in the samples prepared using 100%
aqueous solutions. The Tg of 100% PA A has been reduced
by the effect of the water and occurs at 62°C.

The o relaxation occurs between 25°C and 48°C for
both the F/T and SC samples. The major difference is that
the peaks appear more distinct with the SC samples. The
F/T process may make the hydrogels more homogenous
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Figure 3 Reversible Thermal transitions in 100% aqueous samples (SC). *F/T = 1 freeze/thaw cycle. *SC = solvent cast.

with an increasing broadening of the endothermic peak.
Willcox et al. state that an endotherm present at 90°C is
indicative of secondary micro crystallite formation [12].
For both F/T and SC samples transitions occur between
99°C and 122°C which may be due to secondary micro
crystallite formation.

PVA exhibited a relatively large and sharp endother-
mic curve, with a peak at around 220°C, while PAA,
which is amorphous, had no endothermic curve. This is
similar for both the SC and the F/T samples. As the con-
tent of PAA increased, the endothermic curve of PVA
became broader and its peak shifted to a lower temper-
ature. By blending PVA with an increasing amount of
PAA, the endothermic peak of PVA became less promi-
nent and disappeared for 100 wt% PAA. The depression of
the melting temperature and the peak broadening indicate
that the ordered association of the PVA molecules was de-
creased by the presence of PAA. The melting temperature
depression is caused by morphological changes and the
differing chemical groups. The morphological changes
involve the thickness of the crystallites and the degree of
crystallinity [37].

If the SC samples and the F/T samples are contrasted, it
can be clearly seen that the peaks in the crystalline melting
region, for the F/T samples are sharper, implying more
ordered structure. The F/T process has produced more
crystallinity. This difference is more apparent because of
MDSC; conventional DSC would not have highlighted
this aspect.

MDSC graphs of 100% PVA polymer produced in
10 wt% DMSO and hydrogels containing 10, 20, 30, 40
and 100% PAA are presented in Fig. 4 (F/T samples) and
Fig. 5 (SC samples).

DMSO is a polar solvent with a large dielectric constant
and its affinity for water is very high. For DMSO/water
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PVA gels, Tanigami et al. found that the thermal transi-
tions below 100°C, for one day old gels, were difficult to
determine as the endotherms were not obvious [39]. This
is indeed the case for the F/T samples, where it is difficult
to observe any transitions below 100°C, with the excep-
tion of 70% PVA and 30% PAA, which has a transition of
43°C. It is also difficult to determine transitions for 100%
PAA for both F/T and SC.

The lack of transitions for the F/T gels, suggest
that the chains are highly constrained by the entan-
glement of the two polymers and by the action of
the solvent. For the SC gels it is possible to observe
transitions under 100°C and this would suggest less
constraint.

These transitions range from 48 to 81°C for the
SC blends. The reason for this constraint of chain
movement is suggested by the comparison of the melt-
ing points of the SC 10 wt% DMSO blends with the F/T
10 wt% DMSO blends. The SC samples have a sharp
melting endotherm in the region of 183 to 224°C, this
melting endotherm is reduced and barely visible for the
F/T samples. The F/T process may have resulted in a dif-
ferent micro crystalline structure, which was suggested by
Wilcox [12]. Alternatively the F/T process has resulted
in phase separation and increased interaction with the
solvent.

PVA gels are believed to consist of crystalline regions
consisting of junction zones and amorphous regions con-
sisting of long flexible chains [20]. Physical junctions in
polymer gels may be classified into at least four types:
crystallites for crystalline polymers, double helical struc-
ture for biological polymers, nodules for block copoly-
mers and polymer -solvent complexes [25]. If a homo-
geneous high-temperature mixture of two components is
rapidly cooled to a lower temperature, then a sudden phase
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Figure 5 Reversible Thermal transitions in 10 wt% DMSO samples (SC). *F/T = 1 freeze/thaw cycle. *SC = solvent cast.

separation can set in. That is, the mixture becomes inho-
mogeneous and forms a fine-grained structure, more or
less alternating between the components. This is known
as spinodal decomposition and occurs in gel formation
containing PVA and DMSO [25].

The gels containing PAA, PVA and DMSO, would ap-
pear from the results to have formed a gel by phase sep-
aration as there are no distinct crystalline melting en-
dotherms, with the exception of the 90% PVA and 10%
PAA. This peak is at 133°C, which is lower than the melt-
ing point of the aqueous hydrogels and would suggest a
different crystalline structure or a multi phase structure,
such as coexistent polymer-rich and polymer-poor phases

[39].

The thermal transitions are indistinct which could in-
dicate that micro-scale phase separation may have taken
place, as opposed to distinct peaks which would indicate
separate regions. The appearance of the gels is opaque
which would be the case if phase separation had occurred
[40].

3.3. Fourier transform infrared spectroscopy

Peppas et al. discusses drug diffusion in an IPN of PAA
hydrogels and states that absorption peak is present at
3370 cm~! due to the presence of an-OH group [41].
Hassan et al. in the discussion of PVA gels refer to
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Figure 7 FTIR spectrum of pure PVA, a blend of 60%PVA/40%PAA and pure PAA for 10% DMSO samples.

an absorption peak at 1141 cm™!, which is indicative
of PVA crystallinity, this arises from a C-C stretching
mode and increase with an increase in the degree of
crystallinity [13]. Young et al. state that the stretching
vibration of hydroxyl groups in PVA occurs at 3445
cm~! and stretching vibration of carbonyl groups of the
PAA occurs in the region of 1720 cm™! [15]. Fig. 6
shows the FTIR spectrum of pure PVA, a blend of
60%PVA/40%PAA and pure PAA for 100% aqueous sam-
ples. Fig. 7 shows the FTIR spectrum of pure PVA a
blend of 60%PVA/40% PAA and pure PAA for 10 wt %
DMSO. Stretching vibration spectrum of carboxyl groups
of PAA appears at 1732 cm ™! and this shifts to 1711 cm™!,
with reduced intensity indicating the presence of inter-
molecular hydrogen bonding between —COOH of PAA
and-OH of PVA. This effect is more apparent in the pres-
ence of DMSO and increases with higher concentrations
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of PAA. A peak at 1141 cm™! is present in the hydrogels,
indicating that a crystalline effect is occurring.

3.4. Rheometry

Data reported in the literature on the mechanical prop-
erties of hydrogels are mostly obtained in tension/
compression or using dynamic mechanical analysis. Dy-
namic mechanical methods have been successfully used to
characterize the thermo/rheological properties of gel sys-
tems for polymeric films, for solid dosage coatings and as
wound dressings [31]. To examine the stress strain rela-
tionship for the hydrogels, they were subjected to an alter-
nating strain, while simultaneously measuring the stress.
For viscoelastic behaviour, when equilibrium is reached,
the stress and strain will both vary sinusoidally, but the
strain lags behind the stress. These relationships are shown
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in equations 1 and 2 [42].

Strain e = ¢ sin wt (D

Straino = oy sin(wt + §) 2)

where o is angular frequency and § is the phase lag. The
stress strain relationship can be defined by quantities G’
and G”" which are 90° out of phase with the strain [42].
These are described in equations 3 and 4.

G’ = (0p/eg)cos$ 3)
G" = (09/ep) sin & 4)

G’ is in phase with the solid and is called the storage
modulus because it defines the energy stored in the spec-
imen due to the applied strain and G” which is 7/2 out
of phase with the strain defines the dissipation of energy
and is called the loss modulus [42]. It should be noted that
for small strain amplitudes G’ is independent of the strain
amplitude. In the following all the experiments were per-
formed at the low strain amplitude which is the constant
regime for G'.

Figs 8 to 11 show the rheological results for 100%
aqueous blends of PVA and PAA hydrogels. Figs 12to 15
shows the rheological results for 10 wt% DMSO blends
of PVA and PAA.

PVA gels containing solvents such as a DMSO/water
mixture have very complicated and strong physical in-
teractions between solvent and polymer. The rheological
properties of the PVA solutions are affected by effective-
ness of the physical bonding between the polymer and the
solvent [40].

The general trend that emerges, from the results, is
that G’ is much larger than G”, at 20 to 40°C. This
suggests that the elastic response dominates, which is
typical for gels and solid-like materials. The values
typical of a soft, swollen polymer network are be-
tween 500-1000 Pa [43]. The results obtained are close
to this range for the 10 wt% DMSO and the 100%
aqueous gels, at lower temperatures i.e. 20 to 40°C.
The frequency of the test is in the range from 1 Hz
to 10 Hz. The higher frequencies results in a negligible
increase in G'.

The major differences arise with the use of a differ-
ent solvent and the findings show that 10 wt% DMSO
gels have a dynamic modulus of twice that of aqueous
gels in the range of 20 to 40°C. The higher modulus
is attributed to the stronger hydrogen bonding between
the polymers and the solvent for the 10 wt% DMSO
hydrogels. The results indicate that the addition of var-
ious amounts of the PAA does not affect the dynamic
modulus considerably. This would indicate that the
strength of the hydrogels is determined by the presence
of the PVA.

The hydrogels are viscoelastic solids with both the
storage modulus (G) and loss modulus (G’') being tem-

perature dependent. A significant drop in G’ at a tem-
perature in the region of 40°C is observed for both
types of gels. The 10 wt% DMSO and the 100% aque-
ous gels show different responses to the temperature
ramp.

For 10 wt% DMSO gels above 40°C, increasing the
temperature results in a significant decrease in the stor-
age modulus G'. The value of G’ decreases because the
material becomes softer. This is expected because the hy-
dration state of DMSO/ water system is so weak that it
releases water molecules [40]. Free water forms hydrogel
structure and the release of water changes the mechanical
properties.

For the 100% aqueous gels a more complicated be-
havior is observed at temperatures above 40°C. G’ first
decreases and then increases. PVA solution systems may
have some 3-dimensional order at the molecular level
due to polar interactions and under shear, some local
orientation of the polymer molecules is attained whose
degree is dependent on temperature. These oriented re-
gions makes physical bonding through hydroxyl groups
stronger. Consequently some oriented gel structure would
be developed above a certain temperature and G’ increases
[40].

4. Conclusion

This paper has described the mechanical and ther-
mal properties of physically cross linked poly (vinyl
alcohol)/poly (acrylic acid) hydrogels. The physical
and mechanical properties are determined by entangle-
ment, hydrogen bonding, primary and secondary crys-
tallization and phase separation. The hydrogels pre-
pared using a DMSO/water mixture were significantly
stronger than those that contained water alone, espe-
cially at temperatures of 20 to 40°C. The thermal
analysis shows distinct endotherms and evidence of
secondary crystallization. The interesting features of
the research is that gels with different properties are
created by varying the polymer feed ratios and by
changing the solvent. The rheometry results showed
that the strength of the gels was temperature depen-
dent. This information is useful for thermo responsive
systems.

Though the gels created using DMSO were stronger,
there is an inherent disadvantage in using DMSO in med-
ical applications. DMSO has to be extracted from the
DMSO/water gels for medical applications, because of
its toxicity. DMSO is an indispensable component for the
DMSO/water gels to keep the elastic modulus at a high
level.

Further work is being undertaken to examine the pro-
cessing parameters for the creation of more functional
hydrogels. In addition the work has indicated that the
thermal transitions that are present are in the region of
interest to drug delivery systems and may be modified by
careful blending.
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